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Endothelin-1, Outcomes in Patients With Heart 
Failure and Reduced Ejection Fraction, and 
Effects of Dapagliflozin: Findings From DAPA-HF
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Lars Køber , MD, DMSc; Mikhail N. Kosiborod , MD; Felipe A. Martinez , MD; Piotr Ponikowski , MD, PhD;  
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BACKGROUND: ET-1 (endothelin-1) is implicated in the pathophysiology of heart failure and renal disease. Its prognostic 
importance and relationship with kidney function in patients with heart failure with reduced ejection fraction receiving 
contemporary treatment are uncertain. We investigated these and the efficacy of dapagliflozin according to ET-1 level in the 
DAPA-HF trial (Dapagliflozin and Prevention of Adverse Outcomes in Heart Failure).

METHODS: We investigated the incidence of the primary outcome (cardiovascular death or worsening heart failure), change in 
kidney function, and the effect of dapagliflozin according to baseline ET-1 concentration, adjusting in Cox models for other 
recognized prognostic variables in heart failure including NT-proBNP (N-terminal pro-B-type natriuretic peptide). We also 
examined the effect of dapagliflozin on ET-1 level.

RESULTS: Overall, 3048 participants had baseline ET-1 measurements: tertile 1 (T1; ≤3.28 pg/mL; n=1016); T2 (>3.28–
4.41 pg/mL; n=1022); and T3 (>4.41 pg/mL; n=1010). Patients with higher ET-1 were more likely male, more likely 
obese, and had lower left ventricular ejection fraction, lower estimated glomerular filtration rate, worse functional status, 
and higher NT-proBNP and hs-TnT (high-sensitivity troponin-T). In the adjusted Cox models, higher baseline ET-1 
was independently associated with worse outcomes and steeper decline in kidney function (adjusted hazard ratio for 
primary outcome of 1.95 [95% CI, 1.53–2.50] for T3 and 1.36 [95% CI, 1.06–1.75] for T2; both versus T1; estimated 
glomerular filtration rate slope: T3, –3.19 [95% CI, –3.66 to –2.72] mL/min per 1.73 m2 per y, T2, –2.08 [95% CI, –2.52 
to –1.63] and T1 –2.35 [95% CI, –2.79 to –1.91]; P=0.002). The benefit of dapagliflozin was consistent regardless of 
baseline ET-1, and the placebo-corrected decrease in ET-1 with dapagliflozin was 0.13 pg/mL (95% CI, 0.25–0.01; 
P=0.029).

CONCLUSIONS: Higher baseline ET-1 concentration was independently associated with worse clinical outcomes and more rapid 
decline in kidney function. The benefit of dapagliflozin was consistent across the range of ET-1 concentrations measured, 
and treatment with dapagliflozin led to a small decrease in serum ET-1 concentration.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT03036124.
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The endothelins are a family of 21 amino acid vaso-
active peptides consisting of 3 isoforms (ET [endo-
thelin]-1, ET-2, and ET-3) encoded by separate 

genes.1–4 ET-1 is the most abundant and best-character-
ized isoform.1–4 ET-1 is produced in small amounts mainly 
in endothelial cells in blood vessels and primarily acts as 
a local paracrine and autocrine mediator. However, under 
pathophysiological conditions, increased ET-1 produc-
tion is stimulated in other cell types, including vascular 
smooth muscle cells, cardiac myocytes, and inflamma-
tory cells.1 The effects of ET-1 are mediated by ETA and 
ETB receptors, which usually have opposing actions. 
ETA receptors function to promote vasoconstriction and 
inflammation, whereas ETB receptors produce vasodila-
tion and natriuresis and inhibit inflammation. ET-1 may 
have diuretic and natriuretic effects in the kidney, medi-
ated predominantly by ETB receptors, leading to inhibi-
tion of sodium and chloride reabsorption, suppression of 
Na+/K+ ATPase activity, and inhibition of vasopressin-
induced water reabsorption in the collecting duct.2–6 

Recently, a possible role for the endothelins in the pro-
gression of kidney dysfunction was suggested by the 
beneficial effect of the selective ETA receptor antagonist 
atrasentan in patients with diabetic nephropathy.7 These 
actions are plausibly relevant in heart failure (HF) given 
the strong bidirectional links between chronic kidney dis-
ease and HF. Indeed, circulating ET-1 levels are often 
elevated in patients with this condition.8–10 Moreover, the 
circulating level of ET-1 is associated with the severity 
of HF and, in some studies, the risk of HF hospitaliza-
tion and mortality.11–14 However, the relationship between 
ET-1 levels and serial changes in kidney function in HF 
has not been reported.

SGLT-2 (sodium-glucose cotransporter-2) is also 
expressed in the proximal renal tubule, and SGLT-2 inhibi-
tors have demonstrated important cardiovascular and kid-
ney benefits in multiple recent clinical trials,15–19 including 
slowing the rate of decline in estimated glomerular filtra-
tion rate (eGFR) in patients with HF.20 Intriguingly, the 
SGLT-2 inhibitor empagliflozin has recently been shown 
to inhibit basal and IL-1β (interleukin-1β)–induced ET-1 
expression in 2 independent human proximal tubular cell 
lines under normoglycemic conditions, raising the poten-
tial for an interaction between the endothelin system and 
SGLT-2 inhibitors in patients with HF.21

We examined the role of serum ET-1 concentration 
as a prognostic biomarker in a contemporary population 
with HF and reduced ejection fraction (HFrEF), includ-
ing its value when added to other established biomark-
ers, evaluated the relationship between serum ET-1 and 
decline in kidney function in HFrEF, and investigated 
whether ET-1 modifies the response to SGLT-2 inhibi-
tion in the DAPA-HF trial (Dapagliflozin and Prevention 
of Adverse Outcomes in Heart Failure).15

Clinical Perspective

What Is New?
•	 ET-1 (endothelin-1) has recently been implicated in 

kidney disease, as it is in heart failure.
•	 The relationship between ET-1 and renal function in 

heart failure with reduced ejection fraction has not 
been described.

•	 SGLT-2 (sodium-glucose cotransporter-2) inhibi-
tors may inhibit ET-1 secretion in the proximal 
tubule, raising the possibility of an interaction 
between ET-1 and these agents.

•	 In the DAPA-HF trial (Dapagliflozin and Prevention 
of Adverse Outcomes in Heart Failure), patients 
with higher baseline ET-1 had higher risk of worsen-
ing heart failure and cardiovascular death and sig-
nificantly steeper decline in kidney function.

•	 The effect of dapagliflozin was not modified by 
baseline ET-1 level, and there was a modest reduc-
tion in ET-1 level at 12 months with dapagliflozin.

What Are the Clinical Implications?
•	 ET-1 adds prognostic information over and above 

clinical variables, in addition to NT-proBNP (N-ter-
minal pro-B-type natriuretic peptide) and hs-TnT 
(high-sensitivity troponin-T), and is associated with 
the decline in kidney function as well as the risk of 
hospitalization and death.

•	 Although there was no interaction between base-
line circulating ET-1 and the effect of dapagliflozin, 
an effect at the proximal tubular level cannot be 
excluded and may contribute to the renal benefits 
of SGLT-2 inhibition.

•	 The reduction in ET-1 with dapagliflozin suggests a 
new mechanism of action of SGLT-2 inhibition.

Nonstandard Abbreviations and Acronyms

aHR		  adjusted hazard ratio
DAPA-HF trial	 �Dapagliflozin and Prevention  

of Adverse Outcomes in Heart 
Failure trial

eGFR		  estimated glomerular filtration rate
ET		  endothelin
HF		  heart failure
HFrEF		  �heart failure with reduced ejection 

fraction
HR		  hazard ratio
hs-TnT		  high-sensitivity troponin-T
IL		  interleukin
NT-proBNP	 �N-terminal pro-B-type natriuretic 

peptide
SGLT-2		  sodium-glucose cotransporter 2
Val-HeFT 		  Valsartan Heart Failure Trial
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METHODS
DAPA-HF was a prospective, randomized, double-blind, con-
trolled trial that evaluated the efficacy and safety of 10 mg 
of dapagliflozin once daily, compared with placebo, added to 
standard care in 4744 patients with HFrEF followed up for a 
median of 18.2 months.15 Ethics committees at each participat-
ing institution approved the protocol, and all patients gave writ-
ten informed consent. Participation in a prospective biomarker 
substudy was offered to all enrolled patients in countries where 
regulations allowed it. The first authors had full access to the 
data in the study and take responsibility for its integrity and the 
data analysis. The data that support the findings of this study 
are available from the corresponding author upon reasonable 
request.

Study Patients
Patients ≥18 years of age were eligible if they were in 
New York Heart Association functional class II to IV, had a 
left ventricular ejection fraction ≤40%, and were optimally 
treated with pharmacological and device therapy for HFrEF.15 
Study participants were also required to have an elevated 
NT-proBNP (N-terminal pro-B-type natriuretic peptide) level 
(ie, NT-proBNP ≥600 pg/mL or ≥400 pg/mL if hospitalized 
for HF within the previous 12 months or ≥900 pg/mL if there 
was concomitant atrial fibrillation or flutter, irrespective of 
history of HF hospitalization).

The main exclusion criteria included type 1 diabetes, symp-
tomatic hypotension or systolic blood pressure <95 mm Hg 
and eGFR <30 mL/min per 1.73 m2 or rapid decline in renal 
function. Patients were also excluded if they had current acute 
decompensated HF or HF hospitalization within 4 weeks 
before enrollment, or recent myocardial infarction or coronary 
revascularization in the preceding 12 weeks.

Measurement of Serum ET-1 and Other 
Biomarkers
Venous blood samples were taken at randomization and at 
12 months. ET-1 samples were collected in serum tubes, 
whereas other biomarkers were collected in EDTA anticoagu-
lant tubes. Isolated serum (ET-1) and plasma (other biomark-
ers) were stored at −20°C or colder until shipped on dry ice 
to the central repository, where they were stored at −80°C 
or colder until assayed. ET-1 was measured (TIMI Clinical 
Trials Laboratory, Boston, MA) using a microfluidics immuno-
assay on the Ella system (ProteinSimple). The limit of quan-
titation of the assay is 0.25 pg/mL, with a normal range of 
0.92 to 1.58 pg/mL. There were only 5 ET-1 values lower 
than the limit of quantitation, so no imputation was made. hs-
TnT (high-sensitivity troponin-T) was measured (TIMI Clinical 
Trials Laboratory, Boston, MA) at baseline and 12 months 
with an Elecsys immunoassay on the Cobas E601 analyzer 
(Roche Diagnostics).22 The limit of quantitation of the assay 
is 6 ng/L, and the 99th percentile upper reference limit used 
in the laboratory is 14 ng/L. For analyses as a continuous 
variable, patients with hs-TnT concentrations <6 ng/L were 
assigned a value of half the limit of quantitation (ie, 3 ng/L). 
NT-proBNP was measured at baseline and at 8 months in a 
central laboratory (Covance) using an Elecsys immunoassay 
(Roche Diagnostics).23

Prespecified Trial Outcomes
The primary outcome of DAPA-HF was the composite of 
worsening HF (HF hospitalization or urgent visit for HF) or 
cardiovascular death, whichever occurred first. Prespecified 
secondary end points included: HF hospitalization or cardiovas-
cular death; HF hospitalizations (first and recurrent) and cardio-
vascular deaths; all-cause death; and a change in KCCQ-TSS 
(Kansas City Cardiomyopathy Questionnaire-total symptom 
score) from baseline to 8 months. For the KCCQ-TSS, higher 
scores reflect better health status, and the proportion having a 
≥5-point increase or decrease in score at 8 months was deter-
mined as previously described.15 There was also a prespecified 
secondary renal composite outcome, but this was not evaluated 
further in this analysis because of the small number of events.

In addition to these prespecified outcomes, the post hoc 
outcome of the slope of change in eGFR over time accord-
ing to baseline ET-1 tertile was calculated as described in the 
Statistical Analysis section.

Statistical Analysis
Baseline characteristics were summarized according to base-
line ET-1 tertile as mean (SD) or median (interquartile range) 
for continuous variables and count (percentage) for categorical 
variables. Differences in the baseline characteristics between 
tertiles were evaluated with a Wilcoxon-type test for trend.24

We analyzed the association between baseline ET-1 tertile 
and key clinical outcomes, the relationship between change in 
ET-1 from baseline to 12 months with the primary outcome, 
the association of ET-1 concentration with changes in renal 
function, and the efficacy of dapagliflozin according to base-
line ET-1 concentrations. In addition, we further investigated 
the risk of primary and key secondary outcomes according to 
ET-1 groups by studying the inflexion points in restricted cubic 
splines. This resulted in 3 ET-1 groups: group 1 (≤4 pg/mL; 
n=1724), group 2 (>4–7 pg/mL; n=1145), and group 3 (>7 
pg/mL; n=179).

Time-to-event end points were analyzed using Kaplan-Meier 
estimate and Cox proportional-hazards models, with ET-1 mod-
eled as both a categorical variable (tertiles and groups) and 
continuous variable and stratified according to diabetes status, 
history of HF hospitalization (except for all-cause death), and 
treatment group assignment, as described in the trial statisti-
cal analysis plan. We further adjusted these estimates using 
Cox models with known predictors of risk in patients with HF, 
including age, sex, race, geographic region, duration of HF, 
heart rate, systolic blood pressure, body mass index, New York 
Heart Association functional classification, left ventricular ejec-
tion fraction, eGFR, etiology of HF, history of atrial fibrillation 
and NT-proBNP, a model with adjustment for baseline hs-
TnT as an additional covariate, as well as an additional model 
adjusting for baseline use of an angiotensin-converting enzyme 
inhibitor, angiotensin receptor blocker, angiotensin receptor–
neprilysin inhibitor, or mineralocorticoid receptor antagonist. 
Proportionality of hazards for these models was confirmed 
visually using log(−log) plots and testing Schoenfeld residuals.

The relationships between baseline ET-1 and risks of key 
clinical end points were displayed using both unadjusted and 
adjusted restricted cubic splines with 5 knots. In addition, 
we described the incidence of the primary outcome accord-
ing to tertiles of baseline ET-1, tertiles of baseline hs-TnT, 
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and tertiles of baseline NT-proBNP. We then plotted the 
incidence of the primary outcome according to tertiles of 
baseline ET-1 versus tertiles of baseline hs-TnT and tertiles 
of baseline ET-1 versus tertiles of baseline NT-proBNP. The 
association between change in ET-1 from baseline to 12 
months and risk of subsequent outcomes was analyzed in a 
landmark analysis of patients who were alive at 12 months 
with available ET-1 data. Hazard ratios (HRs) and 95% CIs 
for the primary outcome according to the log2-transformed 
ratio of 12 months to baseline ET-1 were modeled using 
restricted cubic spline analysis adjusted for log-transformed 
baseline ET-1, randomized treatment, history of HF hospital-
ization, and stratified by diabetes status. A repeated-mea-
sures mixed-effect model was used to examine the slope 
of change in eGFR over time and the interaction between 
treatment and visit, as well as the interaction between base-
line ET-1 concentration and visit, with a random intercept 
and slope per patient as previously described.20 The effect of 
the randomized treatment on change in ET-1 from baseline 
to 12 months was also examined using an ANCOVA model 
adjusted for baseline value.

The effect of dapagliflozin compared with placebo on each 
outcome was calculated as HR and 95% CI derived from Cox 
proportional-hazards models adjusted for a history of hospital-
ization for HF and treatment assignment and stratified by base-
line diabetes status, as prespecified in the statistical analysis 
plan for the main trial. The effect of baseline ET-1 concentra-
tion on the treatment effect of dapagliflozin compared with pla-
cebo was assessed by the inclusion of ET-1 tertile*treatment 
interaction term in the model, and an interaction P value was 
calculated using a likelihood ratio test. The proportion of 
patients with a clinically significant (≥5 points) improvement or 
deterioration in KCCQ-TSS at 8 months was analyzed as previ-
ously described and presented as an odds ratio for each ET-1 
tertile.15

All analyses were conducted using Stata version 16.0 
(StataCorp, College Station, TX) and SAS version 9.4 (SAS 
Institute, Cary, NC). A P value <0.05 was considered statisti-
cally significant.

RESULTS
Baseline serum ET-1 was measured in 3048 patients, 
and 12-month serum ET-1 was measured in 2436 pa-
tients. The median baseline ET-1 concentration was 
3.81 pg/mL (25th to 75th percentile, 3.03–4.80), 
with tertile 1 ≤3.28 pg/mL (n=1016), tertile 2 >3.28 
to 4.41 pg/mL (n=1022), and tertile 3 >4.41 pg/mL 
(n=1010).

Baseline Characteristics
Baseline characteristics according to ET-1 tertiles are 
summarized in Table  1. Patients with higher baseline 
ET-1 concentrations were more likely to be male, non-
Asian, and obese, with more comorbidities, especially 
diabetes, atrial fibrillation, and chronic obstructive pulmo-
nary disease (Table 1). They also had worse kidney func-
tion, lower left ventricular ejection fraction, and poorer 

functional status, with a higher proportion of patients 
with New York Heart Association class III or IV symptoms 
and lower (worse) KCCQ-TSS (each P<0.001). Patients 
with higher baseline ET-1 were more often treated with 
a diuretic, an angiotensin receptor–neprilysin inhibitor, di-
goxin, and devices but less often with a mineralocorticoid 
receptor antagonist.

Relationship Between ET-1 and Clinical 
Outcomes
Incidence rates of the primary and secondary out-
comes increased with increasing ET-1 tertile, with the 
difference most marked for the outcome of worsen-
ing HF (Table  2; Figure  1). The elevated risk for the 
primary end point remained significant after compre-
hensive adjustment for prognostic variables, including 
NT-proBNP, with an adjusted HR (aHR) of 1.36 (95% 
CI, 1.06–1.75) for tertile 2 and 1.95 (95% CI, 1.53–
2.50) for tertile 3, compared with tertile 1. This higher 
risk was driven by the risk of worsening HF, with an 
aHR of 1.54 (95% CI, 1.10–2.18) and 2.54 (95% CI, 
1.82–3.53) for tertiles 2 and 3, respectively. However, 
the risk relationship with death was attenuated by ad-
justment, and the aHR for all-cause mortality was 1.08 
(95% CI, 0.80–1.45) and 1.45 (95% CI, 1.09–1.93) 
for tertiles 2 and 3, respectively. This pattern of risk 
was maintained after additional adjustment for base-
line hs-TnT (Table 2).

Inspection of the restricted cubic spline models sug-
gested a linear increase in the risk of the primary and 
secondary outcomes from an ET-1 concentration >4 pg/
mL which, when log-transformed, equates to log ET-1 
>1.39 pg/mL (Figure 2; Figure S1). Analysis of the pri-
mary and secondary outcomes according to the ET-1 
group (group 1: 0–4 versus group 2: >4–7 versus group 
3: >7 pg/mL) showed a more graduated increase in risk 
compared with an analysis by tertiles (Table S1; Figure 
S2) with an HR for the primary outcome, adjusted for 
predictive variables including baseline NT-proBNP and 
hs-TnT, of 1.51 (95% CI, 1.24–1.83) for group 2 and 
2.28 (95% CI, 1.68–3.11) for group 3 compared with 
group 1, and an aHR for all-cause mortality of 1.28 (95% 
CI, 1.01–1.62) and 1.57 (95% CI, 1.08–2.28) for groups 
2 and 3, respectively.

The additive risk of ET-1 and hs-TnT is illustrated 
in Figure  3A, which shows a >8-fold higher risk for 
patients in tertile 3 for both ET-1 and hs-TnT compared 
with those in tertile 1 for both peptides (event rate per 
100 person-years, 34.6 versus 3.8). A similar pattern 
was seen when baseline ET-1 was analyzed together 
with baseline NT-proBNP, with a >6-fold higher risk 
for patients in tertiles 3 of both ET-1 and NT-proBNP 
compared with patients in tertile 1 for both biomark-
ers (event rate per 100 person-years, 30.8 versus 4.4; 
Figure 3B).
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Table 1.  Patient Characteristics According to Baseline ET-1 Tertile 

Baseline characteristic 

Baseline ET-1 (3048 patients), pg/mL

P trend Tertile 1 (≤3.28 pg/mL) Tertile 2 (>3.28–4.41 pg/mL) Tertile 3 (>4.41 pg/mL) 

Age, y 66.4±10.8 68.0±10.0 67.2±10.5 0.29

Age >75 years, No. (%) 220 (21.7) 236 (23.1) 218 (21.6) 0.75

Female sex, No. (%) 259 (25.5) 227 (22.2) 178 (17.6) <0.001

Race, No. (%) <0.001

 � White 753 (74.1) 817 (79.9) 812 (80.4)  

 � Black 16 (1.6) 30 (2.9) 39 (3.9)  

 � Asian 245 (24.1) 172 (16.8) 152 (15.0)  

 � Other 2 (0.2) 3 (0.3) 7 (0.7)  

Region, No. (%) <0.001

 � North America 114 (11.2) 190 (18.6) 205 (20.3)  

 � Latin America 86 (8.5) 88 (8.6) 85 (8.4)  

 � Europe 575 (56.6) 578 (56.6) 573 (56.7)  

 � Asia Pacific 241 (23.7) 166 (16.2) 147 (14.6)  

Systolic BP, mm Hg 122±15 124±16 121±16 0.059

Heart rate, bpm 70±10 70±11 73±12 <0.001

BMI, kg/m2 27.6±5.5 28.7±6.0 29.3±6.0 <0.001

 � BMI classification <0.001

  �  Obesity (BMI≥30) 327 (32.2) 404 (39.6) 441 (43.7)  

  �  Overweight (BMI 25–29.9) 363 (35.8) 360 (35.3) 348 (34.5)  

  �  Normal weight (BMI 18.5–24.9) 309 (30.4) 239 (23.4) 207 (20.5)  

  �  Underweight (BMI<18.5) 16 (1.6) 18 (1.8) 14 (1.4)  

Hemoglobin, g/L 135.6±14.7 135.6±15.8 136.2±17.2 0.30

Hematocrit, % 41.2±4.5 41.3±4.7 42.0±5.6 0.002

HbA1c, % 6.3±1.1 6.4±1.2 6.6±1.4 <0.001

Serum ureatinine, μmol/L 97.7±25.8  105.2±30.4 111.8±33.6 <0.001

Serum Urea, mg/dL 21.6±7.7 23.8±9.8 25.6±12.9 <0.001

eGFR, mL/min per 1.73 m2 69.4±19.1 64.3±18.3 61.8±18.3 <0.001

Clinical HF features

 � Ischemic etiology, No. (%) 594 (58.5) 597 (58.4) 616 (61.0) 0.25

 � LVEF, % 31.9±6.3 31.4±6.7 30.2±7.3 <0.001

 � NYHA Class, No. (%) <0.001

  �  II  748 (73.6) 737 (72.1) 613 (60.7)  

  �  III 265 (26.1) 283 (27.7) 392 (38.8)  

  �  IV 3 (0.3) 2 (0.2) 5 (0.5)  

 � KCCQ-TSS (baseline) 78.7±19.1 76.0±21.2 69.1±21.5 <0.001

Biomarkers, median (IQR)

 � NT-proBNP, pg/mL 1069 (681–1782) 1283 (813–2219) 2288 (1317–4144) <0.001

  �  NT-proBNP if history of AF, pg/mL 1316 (851–2135) 1519 (990–2465) 2472 (1507–4375) <0.001

  �  NT-proBNP if no history of AF, pg/mL 966 (626–1572) 1164 (719–1921) 2043 (1125–3891) <0.001

 � hs-TnT, ng/L 15.8 (11.1–24.5) 19.6 (14.2–28.2) 25.5 (17.3–38.6) <0.001

 � Gal-3, pg/mL 11 240 (9218–13 453) 11 504 (9523–13 941) 11 765 (9457–14 400) 0.001

 � GDF-15, pg/mL 1541 (1103–2212) 1876 (1341–2575) 2378 (1692–3543) <0.001

 � sST2, ng/mL 26.9 (20.3–36.7) 29.9 (22.0–40.3) 37.5 (27.1–53.8) <0.001

 � IGFBP7, ng/mL 170 (146–209) 189 (156–236) 230 (185–293) <0.001

 � PIIINP, μg/L 7.1 (5.7–9.2) 7.8 (6.3–10.1) 8.5 (6.7–10.9) <0.001

(Continued )
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Relationship Between Baseline ET-1 and 
Change in Kidney Function
Overall, kidney function declined during follow-up in DAPA-
HF. The steepest rate of decline in eGFR was in ET-1 tertile 
3. The overall eGFR slope, measured as mL/min per 1.73 
m2 per year, was –2.35 (95% CI, –2.79 to –1.91) in tertile 1, 
–2.08 (95% CI, –2.52 to –1.63) in tertile 2, and –3.19 (95% 
CI, –3.66 to –2.72) in tertile 3 (P=0.002; Table 2, Figure 4).

Effect of Dapagliflozin on Primary and 
Secondary Trial Outcomes According to 
Baseline ET-1 Concentration
Of the 3048 patients with baseline ET-1 measurements, 
dapagliflozin reduced the primary outcome of cardiovas-

cular death or worsening HF by 22% (HR, 0.78 [95% CI, 
0.66–0.92]). The efficacy of dapagliflozin in preventing the 
primary end point was consistent regardless of baseline 
ET-1 concentration, whether analyzed according to tertiles 
(P-interaction=0.47) or as a continuous variable (P-interac-
tion=0.10; Table 3; Figure S3). Similarly, there was no differ-
ence in the treatment effect of dapagliflozin on preventing 
HF hospitalizations or urgent HF visits, cardiovascular death, 
and all-cause deaths according to baseline ET-1 tertiles.

Effect of Dapagliflozin on eGFR Slope 
According to Baseline ET-1 Concentration
Compared with placebo, dapagliflozin resulted in an ini-
tial decrease in eGFR overall, from baseline to day 14, 
and this was similar across all ET-1 tertiles. Thereafter, 

Baseline characteristic 

Baseline ET-1 (3048 patients), pg/mL

P trend Tertile 1 (≤3.28 pg/mL) Tertile 2 (>3.28–4.41 pg/mL) Tertile 3 (>4.41 pg/mL) 

Medical history, No. (%)

 � Hypertension 738 (72.6) 794 (77.7) 800 (79.2) <0.001

 � Diabetes 383 (37.7) 456 (44.6) 536 (53.1) <0.001

 � Atrial fibrillation (history) 316 (31.1) 424 (41.5) 504 (49.9) <0.001

 � Atrial fibrillation/flutter (ECG) 167 (16.4) 254 (24.9) 318 (31.5) <0.001

 � Previous HF hospitalization 471 (46.4) 467 (45.7) 448 (44.4) 0.37

 � MI 475 (46.8) 483 (47.3) 495 (49.0) 0.31

 � Stroke  89 (8.8) 94 (9.2)  116 (11.5) 0.039

 � COPD 85 (8.4) 147 (14.4) 164 (16.2) <0.001

 � CKD (eGFR<60 mL/min per 1.73 m2) 323 (31.8) 415 (40.7) 495 (49.0) <0.001

 � Anemia*  251 (25.0) 271 (26.7) 293 (29.2) 0.034

Treatments at randomization, No. (%)

 � ACEi 629 (61.9) 585 (57.2) 510 (50.5) <0.001

 � ARB 269 (26.5) 264 (25.8) 261 (25.8) 0.75

 � ARNI 65 (6.4) 121 (11.8) 179 (17.7) <0.001

 � β-Blocker 972 (95.7) 989 (96.8) 956 (94.7) 0.26

 � Digitalis 109 (10.7) 161 (15.8) 195 (19.3) <0.001

 � Diuretic 817 (80.4) 855 (83.7)  913 (90.4) <0.001

 � MRA 765 (75.3) 718 (70.3) 686 (67.9) <0.001

 � Anticoagulant 370 (36.4) 475 (46.5) 532 (52.7) <0.001

 � Antiplatelet 592 (58.3) 558 (54.6) 507 (50.2) <0.001

 � Statin 705 (69.4) 687 (67.2) 685 (67.8) 0.45

 � ICD/CRT-D 257 (25.3) 333 (32.6) 367 (36.3) <0.001

 � CRT-P/CRT-D 69 (6.8) 92 (9.0) 95 (9.4) 0.034

Data presented as mean ± standard deviation unless indicated otherwise. ACEi indicates angiotensin-converting enzyme inhibitor; AF, atrial fibril-
lation; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor–neprilysin inhibitor; BMI, body mass index; BP, blood pressure; CKD, chronic 
kidney disease; COPD, chronic obstructive pulmonary disease; CRT, cardiac resynchronization therapy; CRT-D, CRT with defibrillator; CRT-P, CRT 
with pacemaker; eGFR, estimated glomerular filtration rate; ET, endothelin; Gal-3, galectin-3; GDF-15, growth differentiation factor-15; HF, heart 
failure; hs-TnT, high-sensitivity troponin-T; ICD, implantable cardioverter defibrillator; IGFBP7, insulin-like growth factor-binding protein 7; IQR, inter-
quartile range; KCCQ-TSS, Kansas City Cardiomyopathy Questionnaire-total symptom score; LVEF, left ventricular ejection fraction; MI, myocardial 
infarction; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; 
PIIINP, amino-terminal pro-peptide of type III procollagen; and sST2, soluble suppression of tumorigenicity-2.  

*Anemia: hemoglobin <130 g/L in males and hemoglobin <120 g/L in females.

Table 1.  Continued

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 25, 2023

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.063327


OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

May 30, 2023� Circulation. 2023;147:1670–1683. DOI: 10.1161/CIRCULATIONAHA.122.0633271676

Yeoh et al Endothelin-1 and Outcomes in Heart Failure

the rate of decline in eGFR was steeper in the place-
bo group than in the dapagliflozin group overall. This 
pattern was also the case across each tertile of ET-1, 
with the fastest rate of decline in the third of patients 
with the highest ET-1 level at baseline (Figure S4). For 
ET tertile 1, the change in eGFR in the dapagliflozin 
group between day 14 and day 720 was –1.11 (95% 
CI, –1.72 to –0.50) mL/min per 1.73 m2 per year com-
pared with –2.53 (95% CI, –3.14 to –1.92) in the pla-

cebo group (P for difference=0.0013). For tertile 2, 
change in eGFR was –0.55 (95% CI, –1.14 to 0.05) in 
the dapagliflozin group versus –2.43 (95% CI, –3.05 to 
–1.82) in the placebo group (P for difference<0.001). 
For tertile 3, change in eGFR was –1.75 (95% CI, –2.52 
to –0.97) in the dapagliflozin group versus –3.62 (95% 
CI, –4.41 to –2.83) in the placebo groups (P for differ-
ence=0.0009). The interaction P value between ET-1 
tertile and treatment group was 0.12.

Table 2.  Event Rate (per 100 Person-Years) and Hazard Ratios for Trial Outcomes According to Baseline ET-1 
Tertile

 Tertile 1 Tertile 2 Tertile 3 P trend 

Primary end point (worsening HF or cardio-
vascular death), No. (%)

102 (10.0) 157 (15.4) 302 (29.9) <0.001

 � Event rate per 100 person-years (95% CI) 6.9 (5.7–8.3) 10.8 (9.3–12.7) 23.6 (21.1–26.4)  

 � Unadjusted HR (95% CI) 1.00 (referent) 1.55 (1.21–2.00) 3.32 (2.65–4.16)  

 � Adjusted HR (95% CI)* 1.00 (referent) 1.36 (1.06–1.75) 1.95 (1.53–2.50)  

 � Adjusted HR (95% CI)† 1.00 (referent) 1.31 (1.02–1.69) 1.80 (1.41–2.31)  

 � Adjusted HR (95% CI)‡ 1.00 (referent) 1.31 (1.02, 1.69) 1.79 (1.40, 2.29)  

Hospitalization or urgent visit for HF, No. (%) 52 (5.1) 95 (9.3) 213 (21.1) <0.001

 � Event rate per 100 person-years (95% CI) 3.5 (2.7–4.6) 6.6 (5.4–8.0) 16.7 (14.6–19.0)  

 � Unadjusted HR (95% CI) 1.00 (referent) 1.85 (1.32–2.60) 4.62 (3.40–6.26)  

 � Adjusted HR (95% CI)* 1.00 (referent) 1.54 (1.10–2.18) 2.54 (1.82–3.53)  

 � Adjusted HR (95% CI)† 1.00 (referent) 1.51 (1.07–2.12) 2.37 (1.70–3.30)  

 � Adjusted HR (95% CI)‡ 1.00 (referent) 1.50 (1.07–2.12) 2.34 (1.68–3.25)  

Cardiovascular death, No. (%) 66 (6.5) 86 (8.4) 163 (16.1) <0.001

 � Event rate per 100 person-years (95% CI) 4.3 (3.4–5.5) 5.7 (4.6–7.0) 11.4 (9.8–13.3)  

 � Unadjusted HR (95% CI) 1.00 (referent) 1.27 (0.92–1.76) 2.50 (1.87–3.33)  

 � Adjusted HR (95% CI)* 1.00 (referent) 1.13 (0.82–1.57) 1.39 (1.01–1.92)  

 � Adjusted HR (95% CI)† 1.00 (referent) 1.08 (0.78–1.50) 1.27 (0.92–1.74)  

 � Adjusted HR (95% CI)‡ 1.00 (referent) 1.08 (0.78–1.50) 1.26 (0.92–1.74)  

All-cause mortality (No. of events), No. (%) 83 (8.2) 102 (10.0) 196 (19.4) <0.001

 � Event rate per 100 person-years (95% CI) 5.5 (4.4–6.8) 6.7 (5.6–8.2) 13.8 (12.0–15.8)  

 � Unadjusted HR (95% CI) 1.00 (referent) 1.20 (0.90–1.61) 2.40 (1.85–3.11)  

 � Adjusted HR (95% CI)* 1.00 (referent) 1.08 (0.80–1.45) 1.45 (1.09–1.93)  

 � Adjusted HR (95% CI)† 1.00 (referent) 1.03 (0.77–1.39) 1.33 (1.00–1.77)  

 � Adjusted HR (95% CI)‡ 1.00 (referent) 1.03 (0.77–1.39) 1.33 (1.00–1.77)  

Overall eGFR slope, slope per mL/min per 
1.73 m2 per year

–2.35 (–2.79 to –1.91) –2.08 (–2.52 to –1.63) –3.19 (–3.66 to –2.72) 0.002§

eGFR slope from baseline to day 14, slope 
per mL/min per 1.73 m2 over 14 days

–2.61 (–3.10 to –2.12) –2.58 (–3.07 to –2.09) –2.30 (–2.79 to –1.80) 0.6339§

eGFR slope from day 14 to day 720, slope 
per mL/min per 1.73 m2 per year

–1.83 (–2.28 to –1.37) –1.46 (–1.93 to –1.00) –2.59 (–3.08 to –2.10) 0.004§

eGFR indicates estimated glomerular filtration rate; ET, endothelin; HF, heart failure; and HR, hazard ratio.
*Model 1 was adjusted for death/hospitalization outcomes adjusted for age, sex, treatment arm, race, region, duration of heart failure, previous 

heart failure hospitalization, heart rate, systolic blood pressure, body mass index, New York Heart Association classification, left ventricular ejec-
tion fraction, estimated glomerular filtration rate, pathogenesis of heart failure, history of atrial fibrillation, diabetes, and NT-proBNP (N-terminal 
pro-B-type natriuretic peptide).

†Model adjusted as for model 1, with additional adjustment for baseline high-sensitivity troponin-T.
‡Model adjusted as for model 1, with additional adjustment for angiotensin-converting enzyme inhibitor/angiotensin receptor blocker/mineralo-

corticoid receptor antagonist/angiotensin receptor–neprilysin inhibitor use.
§P value for joint difference in slopes between ET-1 tertiles.
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Change in ET-1 Concentration Between 
Baseline and 12 Months
Compared with placebo, there was a reduction in ET-1 
level at 12 months with dapagliflozin (difference –0.13 
pg/mL [95% CI, –0.25 to -0.01]; P=0.029]. In the pla-
cebo group, ET-1 level increased (0.10 pg/mL [95% CI, 
0.003–0.20]) from baseline to 12 months, whereas in 
the dapagliflozin group, ET-1 decreased (–0.04 pg/mL 
[95% CI, –0.13 to 0.05]).

Figure S5 displays the association between change 
in ET-1 assessed as a continuous variable and subse-
quent outcomes: a doubling of ET-1 from baseline to 12 
months was associated with an HR, for the primary com-
posite of 3.23 (95% CI, 2.18–4.79). Conversely, a halv-
ing of ET-1 from baseline was associated with an HR of 
0.38 (95% CI, 0.21–0.66).

Safety and Adverse Events
Inspection of the placebo group suggested that the rate 
of discontinuation of randomized treatment increased as 
ET-1 increased, as did the frequency of renal adverse 

events. No other adverse event appeared to show any 
association with ET-1 level at baseline. Generally, there 
was no clear difference between placebo and dapa-
gliflozin for any adverse event according to ET-1 tertile 
(Table S2).

DISCUSSION
We believe that this is the largest-ever study of the 
association between circulating ET-1 and a range of 
outcomes in HFrEF.25 We confirmed the prognostic im-
portance of this peptide in a well-treated, contemporary 
population, provided novel information about the incre-
mental predictive value of ET-1 when added to NT-proB-
NP and hs-TnT (particularly for HF hospitalization), and 
showed a previously unknown association between ET-1 
and progressive worsening of kidney function over time 
in patients with HFrEF. We also showed that despite a 
potential interaction between ET-1 and SGLT-2 in the 
proximal renal tubule, the benefits of dapagliflozin were 
consistent across the range of serum ET-1 concentra-
tions measured in DAPA-HF.

Figure 1. Kaplan-Meier curves showing key trial outcomes according to baseline ET-1 (endothelin-1) tertile.
The primary outcome was a composite of worsening heart failure (hospitalization or an urgent visit resulting in intravenous therapy for heart 
failure) or death from cardiovascular causes.
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Although discovered in 1988, less is known about 
the clinical importance of ET-1 than most other neuro-
humoral biomarkers in HF.26 By far, the largest previous 
report about this peptide in patients with chronic HFrEF 
was from the neurohumoral substudy of the Val-HeFT 
(Valsartan Heart Failure Trial), which included 1934 
participants enrolled in the United States.27 Although 
details of baseline treatment were not provided in this 
report, in the parent trial, conducted between 1997 and 
2000, just more than one-third of patients were treated 
with a beta-blocker, and ≈4% were treated with a min-
eralocorticoid receptor antagonist.28 Although this and 
some other studies included natriuretic peptides, none 
reported measurement of ET-1 and troponin, which has 
emerged as another incrementally important prognostic 
marker in contemporary trials.22,29 In Val-HeFT, a baseline 
ET-1 level ≥1.50 pmol/L was a univariate predictor of 
morbidity and mortality, although its prognostic value in a 
multivariable model was not reported. In our larger study 
of patients receiving contemporary therapy, serum ET-1 
concentration was associated with the primary compos-
ite outcome, its components, and all-cause mortality, 

both in univariate and multivariate analyses. Importantly, 
ET-1 remained independently associated with these 
outcomes, even in models including NT-proBNP and 
the combination of NT-proBNP and hs-TnT in addition 
to other prognostic clinical variables, an attribute shared 
by few if any other biomarkers.30,31 Speculatively, ET-1 
might be associated with worse outcomes given that it 
is a much more potent vasoconstrictor than angiotensin 
II, on a molar basis, and a powerful mitogen known to 
cause hypertrophy and fibrosis.1–4,8,9 The vasoconstric-
tor actions of ET-1, mediated by the ETA receptor, may 
be most pronounced in the pulmonary circulation, and 
endothelin receptor antagonists have been developed 
as an important treatment for patients with primary pul-
monary hypertension.1–4 These ET-1 mechanisms may 
in part explain the strong association we observed with 
HF hospitalization, through the worsening of symptoms. 
Unfortunately, endothelin receptor antagonists have not 
been effective in patients with HFrEF. Indeed, in virtually 
all placebo-controlled trials, endothelin receptor antag-
onists caused worsening HF symptoms and signs.32–34 
This unexpected outcome has never been adequately 

Figure 2. Key trial outcomes according to baseline ET-1 levels.
These restricted cubic splines demonstrate the unadjusted risk of each outcome modeling baseline log-transformed ET-1 levels as a continuous 
variable. The interrupted lines represent corresponding 95% CIs. ET-1 indicates endothelin-1; and HF, heart failure.
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explained. However, these agents cause fluid reten-
tion with the postulated mechanism being cross-talk 
between ETA and ETB receptors, resulting in a degree of 
ETB receptor blockade even with specific ETA blockers, 
and this adverse effect may be dose related and differ by 
receptor antagonist selectivity.35,36

Although endothelin receptor antagonists were not 
beneficial in HF, the selective ETA antagonist atrasentan 
has recently been shown to slow the rate of decline in 
kidney function in patients with diabetes and chronic kid-
ney disease.7 Consequently, we also examined the rela-
tionship between serum ET-1 concentration and the rate 

of decline in eGFR over time among patients included in 
DAPA-HF. Patients in the highest ET-1 tertile in DAPA-
HF had a significantly greater rate of decrease in eGFR 
compared with patients in tertile 1, suggesting that ET-1 
might also play a role in the progressive decline in kidney 
function that occurs in many patients with HF.37 Ongoing 
clinical trials in patients with chronic kidney disease will 
define the future position of endothelin receptor antago-
nists in the management of chronic kidney disease.38,39

Because of the known potent vasoconstrictor 
properties of ET-1, the focus of the potential actions 
of this peptide in the kidney has been on renal blood 

Figure 3. Event rates for the primary outcome according to baseline ET-1, hs-TnT, and NTproBNP.
A, Baseline ET-1 and hs-TNT tertiles. B, Baseline ET-1 and NTproBNP tertiles. ET-1 indicates endothelin-1; HR, hazard ratio; hs-TnT, high-
sensitivity troponin-T; NT-proBNP, N-terminal pro-B-type natriuretic peptide; and T, tertile.
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flow and glomerular hemodynamics. However, as 
alluded to above, ET-1 also plays a role in sodium and 
water homeostasis, and ET-1 levels correlate with 
markers of congestion in patients with HF.5,40,41 These 
findings, along with the fact that ET-1 acts in the 
proximal renal tubule and experimental evidence that 
SGLT-2 inhibition reduces ET-1 expression in human 
proximal tubular cell lines, raised the possibility of 
an interaction between ET-1 level and the effects of 
dapagliflozin in patients with HFrEF.21 However, we 
did not find evidence for this in DAPA-HF. The benefit 
of dapagliflozin was consistent across the range of 
ET-1 concentrations measured. Nevertheless, there 
is interest in the combination of an SGLT-2 inhibitor 
(causing diuresis and a rise in hematocrit) and endo-
thelin receptor antagonists (causing fluid retention 
and a decrease in hematocrit) because of their com-
plementary actions.42

The modest reduction in ET-1 levels at 12 months 
with dapagliflozin was notable, although the explana-
tion for this effect is unknown. It might be indirect, 
with a secondary reflex reduction caused by overall 
improvement in HF status, or reflect a direct action of 
SGLT-2 inhibition on the secretion of ET-1 from the 
blood vessel wall or elsewhere. This finding raises the 
possibility that some of the renal and even other ben-
efits of SGLT-2 inhibition might be a result of a reduc-
tion in ET-1.

Limitations
This was not a prespecified analysis of the DAPA-HF tri-
al. Because of the inclusion and exclusion criteria, these 
findings cannot be generalized to patients with mildly 
reduced and preserved ejection fraction and patients 
with severely reduced eGFR. We had only one follow-up 
measurement of ET-1 12 months after randomization, 
meaning that we could not look at short-term changes 
in ET-1, and the 12-month measurement was, by defini-
tion, in a survivor cohort. The interpretation of systemic 
circulating ET-1 levels is difficult because ET-1 is a lo-
cally secreted and acting peptide, and blood levels re-
flect “spill-over” from tissues. Measurement of big ET-1 
as well as ET-1 would have provided additional patho-
physiological insights including secretion of the precur-
sor peptide and endothelin-converting enzyme activity.

Conclusions
Elevated serum ET-1 concentration was associated with 
worse clinical outcomes in a contemporary, well-treated 
cohort of patients with HFrEF, independently of other 
prognostic variables including NT-proBNP and hs-TnT. 
Baseline ET-1 concentration was also associated with 
a more rapid decline in kidney function. The benefit of 
dapagliflozin was consistent across the range of ET-1 
concentrations measured, and treatment with dapa-
gliflozin led to a small reduction in ET-1.

Figure 4. Change in eGFR from baseline in DAPA-HF according to baseline ET-1 (endothelin-1) tertile.
The change in eGFR from baseline at each time point is displayed as mean with 95% CI. DAPA-HF indicates Dapagliflozin and Prevention of 
Adverse Outcomes in Heart Failure trial; and eGFR, estimated glomerular filtration rate.
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Table 3.  Effect of Dapagliflozin on the Primary and Secondary Outcomes According to Baseline ET-1 Tertile

Outcome 

Tertile 1 Tertile 2 Tertile 3
P value for 
interaction Dapagliflozin Placebo Dapagliflozin Placebo Dapagliflozin Placebo 

Primary end point (worsening HF or cardiovascular death)

 � No. (%) 41 (8.1) 61 (11.9) 70 (13.4) 87 (17.5) 142 (28.0) 160 (31.8) 0.47

 � Rate per 100  
person-years (95% CI)

5.5
(4.0–7.4)

8.3
(6.4–10.7)

9.3
(7.4–11.8)

12.5
(10.1–15.4)

21.6
(18.3–25.4)

25.8
(22.1–30.1)

 � HR (95% CI) 0.65 (0.44–0.96) 0.73 (0.54–1.01) 0.85 (0.68–1.06)

Hospitalization or urgent visit for HF

 � No. (%) 24 (4.8) 28 (5.5) 40 (7.6) 55 (11.0) 95 (18.7) 118 (23.5) 0.80

 � Rate per 100  
person-years (95% CI)

3.2
(2.1–4.8)

3.8
(2.6–5.5)

5.3
(3.9–7.2)

7.9
(6.1–10.3)

14.4
(11.8–17.6)

19.0
(15.9–22.8)

 � HR (95% CI) 0.83 (0.48–1.43) 0.66 (0.44–0.99) 0.77 (0.59–1.01)

Cardiovascular death

 � No. (%) 25 (5.0) 41 (8.0)  42 (8.0) 44 (8.8) 78 (15.4) 85 (16.9) 0.30

 � Rate per 100  
person-years (95% CI)

3.3
(2.2–4.9)

5.4
(4.0–7.4)

5.4
(4.0–7.3)

6.0
(4.5–8.1)

10.9
(8.7–13.6)

12.0
(9.7–14.9)

 � HR (95% CI) 0.58 (0.36–0.96) 0.89 (0.58–1.35) 0.92 (0.67–1.25)

All-cause death

 � No. (%) 32 (6.3) 51 (10.0) 49 (9.4) 53 (10.6) 96 (18.9) 100 (19.9) 0.22

 � Rate per 100  
person-years (95% CI)

4.2
(3.0–5.9)

6.7
(5.1–8.9)

6.3
(4.8–8.3)

7.2
(5.5–9.5)

13.4
(11.0–16.4)

14.1
(11.6–17.2)

 � HR (95% CI) 0.60 (0.39–0.94) 0.86 (0.58–1.27) 0.96 (0.72–1.27)

Significant worsening in KCCQ-TSS (≥5) at 8 mo

 � % (95% CI) 20.8
(16.9–24.6)

31.3
(27.1–35.6)

27.7
(23.8–31.7)

32.2
(27.9–36.5)

28.0
(24.0–31.9)

34.6
(30.3–38.9)

0.92

 � OR (95% CI) 0.76 (0.65–0.90) 0.91 (0.78–1.04) 0.86 (0.75–0.98)

Significant improvement in KCCQ-TSS (≥5) at 8 mo

 � % (95% CI) 60.2
(55.5–64.9)

51.8
(47.3–56.3)

56.5
(52.1–61.0)

49.8
(45.2–54.5)

54.5
(50.0–58.9)

49.8
(45.3–54.4)

0.76

 � OR (95% CI) 1.18 (1.03–1.35) 1.14 (1.00–1.30) 1.10 (0.96–1.25)

ET indicates endothelin; HF, heart failure; HR, hazard ratio; KCCQ-TSS, Kansas City Cardiomyopathy Questionnaire-total symptom score; OR, 
odds ratio.
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